Aim: To perform quality control studies on testicular volume measurements for a multi-center epidemiological study of male reproductive function. Methods: We constructed a data matrix with a balanced assignment for 2 consecutive days by ten investigators (andrological career: 4-21 years) from five institutions and 12 male volunteers aged 20-26 years. Testicular volume was measured by Prader's orchidometer. A skilled technician also performed an ultrasound estimate of testicular volume. Results: A statistically significant inter-investigator variation was found for both testes (P < 0.05). In addition, there was a statistically significant investigator-by-volunteer interaction in testicular volume measurement (P < 0.01). However, there was no statistically significant difference in the two measurements performed on consecutive days for either testis. The testicular volumes for both the right and left testes as estimated by ultrasonography were smaller than results using the orchidometer. However, there was no statistical significance (P > 0.05). The difference in experiences of the investigators did not significantly correlate with accuracy of measurements in either testis. Conclusion: The present study revealed significant differences in the results of estimation of testicular volume among the ten investigators, but intra-investigator variation was not considerable. Improved training and proper standardization of the measurement will be necessary before starting a multi-center study based on an andrological examination.
Measurements of testicular volume
Six volunteers were examined simultaneously in separate consultation rooms. Each of the ten investigators circulated between the rooms with 6 min allotted for each measurement. Then another 6 volunteers were also examined in the same way. Testicular size was estimated using Prader's orchidometer [4] with graded sizes (1-2-3-4-5-6-8-10-12-15-20-25 mL). The investigators were allowed to interpolate and extrapolate between the different sizes of the ellipsoids. The measurements were repeated using the identical procedure on the following day. Examinations were performed blindly so that each investigator did not know the results obtained by other investigators. The consultation rooms were kept at 28ºC on both days without air conditioning.
Ultrasound measurement of testicular volume
Measurement of testicular volume by ultrasonography was performed by a skilled technician on the first day of the study using a combex scanner (SSD-2000; Aloka Co. Ltd., Tokyo, Japan) with a 7.5 MHz transducer. Scanning was performed in the longitudinal and transverse plane and testicular volume (V) was calculated after measuring the longitudinal axis (A) and two perpendicular dimensions (B, C) using the following formula [11] [12] : V = 0.71 × A × B × C (1).
Statistical methods 2.4.1 Comparisons of testicular volume in 12 volunteers measured by ten investigators
Measured volumes of left and right testes were compared using both paired and unpaired t-tests. In the paired t-test, left and right measurements were matched with each other in the same volunteers, whereas right and left datasets were treated independently in the unpaired ttest.
Intra-investigator variation between measurements performed on consecutive days and inter-investigator variation were evaluated by analysis of variance (ANOVA). To determine to what extent the variation is a result of investigators, institutions, day of measurements, testis sides, as well as volunteers, the total dataset was subjected to a 5 × 10 × 2 × 2 × 12 (institutions × investigators × days × sides [left and right] × volunteers) mixedmodel ANOVA with institutions, investigators and volunteers as random effects and days and sides as fixed correlates with sperm count [3] . Therefore, accurate measurement of testicular size in male infertility clinics is important. Generally, testicular size has been calculated by measuring length, width and/or depth diameter of the testes using calipers or has been measured using an orchidometer [4] . Takihara et al. [5] developed punched-out elliptical rings with the volume of the ellipsoids indicated on each ring; correlation with actual testicular size determined by water displacement of testes after castration was better than data obtained using calipers. Although ultrasound measurement is generally believed to provide a reliable estimatian of testicular size [6] [7] [8] , measurement by Prader's orchidometer [4] has been one of the most frequently-used conventional methods in andrologic clinics. However, few studies have compared intra/inter-investigator measurements as well as inter-institutional values. We participated in an international epidemiological study of male reproductive function that was organized by Skakkebeak at Copenhagen University [9] . As a part of this study, we determined the current status and regional differences in young men's reproductive function in five cities in Japan. Before beginning this research, we performed a quality control study of testicular volume measurements.
We constructed a data matrix with a balanced assignment for 2 consecutive days using ten investigators from five institutions and 12 volunteers. We analyzed inter-investigator as well as intra-investigator variations in the measurements of testicular volume.
Materials and methods

Subjects
Twelve healthy young male volunteers, university students aged from 20 to 26 years, participated in the present study. The volunteers had already participated in an international epidemiological study on male reproductive function in healthy young men. Four men had no varicocele, 2 had Grade 1 varicocele, 3 had Grade 2 varicocele and 3 had Grade 3 varicocele according to the Dubin and Amelar classification [10] . An experienced urologist (Dr Teruaki Iwamoto) determined the grade. All varicoceles were unilateral and left-sided. Ten urologists from five institutions having a mean of 11 years (4-21 years) of clinical experience in an andrology clinic served as investigators in this quality control study of testicular volume measurement. There were two urologists from each of the five institutions.
. 375 . effects, and investigators nested within institutions [13] . Institutions and volunteers were cross-classified random effects, as were investigators and volunteers. The two fixed effects were also modeled as crossed. The model included interactions of all non-nested factors. Variance components for random factors and variance because of fixed factors were calculated by setting the observed means squares equal to the expected mean squares.
Relation between clinical experience of investigators and measurement skill
To evaluate the relation between the clinical experience of investigators and measurement skill using the orchidometer, we computed the deviation of estimation of testicular volume in the j-th investigator (j = 1, 2, ..., 10) from the results of ultrasonography. Therefore, we computed the sum of squares (SSQj) of the deviations defined as follows:
where ui is the testicular volume from ultrasonography for the i-th volunteer (i = 1,2, ...,12), and Vij is the estimated volume for the i-th volunteer by the j-th investigator using the orchidometer. The summation suffix k is the number of volunteer, but it varies from 1 to 24 in Eqn 2, corresponding to a total of 24 measurements for 12 volunteers with a repetition. Then, the relationship between years of clinical experience of the j-th investigator and SSQj was evaluated by linear regression analysis for both left and right testes.
Results
Mean volumes of left and right testes
The mean ± SD of the measured volumes of the left and right testes measured in the 12 volunteers by the ten investigators were (19.1 ± 5.4) mL (n = 240; 95% confidence interval [CI]: 18.4-19.7 mL) and (20.7 ± 5.0) mL (n = 240; 95% CI: 20.1-21.3 mL), respectively ( Table 1) . The mean volume of right testes was 1.6 mL larger than that of left testes. Statistically significant difference (P < 0.001) was found using both the paired and unpaired t-tests. The testicular volumes for both the right and left testes as estimated by ultrasonography were smaller than results using the orchidometer. However, there was no statistical significance (P > 0.05) ( Table 1) .
Intra-investigator and inter-investigator variation
We summarized the results of ANOVA in Table 2 . Between two datasets corresponding to repeated measurements performed on two consecutive days, no statistically significant difference was detected (P = 0.708).
The variation among investigators nested within each institution was statistically significant (P = 0.017); however, the variation among institutions was not followed by a statistical significance.
The variance component for volunteers was readily discriminable from zero and was larger than that for investigators nested within institutions. The variance component for the interaction of investigators and volunteers was of the same magnitude as that for investigators alone, and was likewise statistically significantly different from zero (P = 0.008). This indicated that testicular measurement by an investigator varies by one or more characteristics of a volunteer.
Strong statistical evidence of a difference (P < 0.001) between measurements of volume of left and right testes is shown in Table 2 , as was consistent with the results of t-test.
The results of testicular measurements in the 12 volunteers are summarized in Figure 1 (left testes) and Figure 2 (right testes) by box plots. Each box represents the distribution of 20 measurements obtained by the 10 investigators in the two consecutive days. In both Figures 1 and 2, various types of distribution of testicular measurements are represented. In addition, there are several values evaluated as outliers. 
Relation between variations in estimation and testicular size
The coefficients of variation; that is, the ratio of standard deviation to the mean computed in the each box in Figures 1 and 2 ranged from 5% (Volunteer No.11, right testis) to 21% (Volunteer No.1, right testis), are illustrated in Figure 3 . The coefficients of variation were significantly dependent on size for both the left (r = -0.84, P < 0.001) and right (r = 0.91, P < 0.0001) testes.
Clinical experience of investigators and reliability of testicular volume measurements
The relation between the sum of squares from Eqn 2 and clinical experience of investigators in years is illustrated in Figure 4 for both testes. There was an identical tendency that the sum of squares slightly decreased with increases in investigator experience. However, the correlation was not statistically significant for either the left (r = -0.28, P = 0.43) or right (r = -0.20, P = 0.58) testis.
Discussion
In measuring testicular volume with Prader's orchidometer, which is one of the most frequently-used conventional methods, clinical experience is sometimes required to obtain satisfactory accuracy [14] . Actually, a significant variation among investigators in measurements using Prader's orchidometer was detected by Carlsen et al. [14] . The coefficients of variation computed for each testis ranged from 5% to 21% in our investigation . 377 .
( Figure 3 ). This could be considered comparable to the observation by Carlsen et al. [14] of an inter-observer error in testis size of 16%. The gradations of volume in the present orchidometer are 5 mL for measurements larger than 15 mL. Therefore, it might be proposed that the larger the testicular volume, the larger the variation in estimation. However, our results showed that the coefficients of variation decreased with larger testis volume. However, this finding might imply that there is a risk that the larger variation in measurements of smaller testes might result in overlooking a diagnosis of infertility by physical examination.
The mean ± SD of the measured volumes of the left and right testes measured in the 12 volunteers by the ten investigators were 19.1 ± 5.4 mL (n = 240; 95% CI: 18.4-19.7 mL) and (20.7 ± 5.0) mL (n = 240; 95% CI: 20.1-21.3 mL), respectively as summarized in Table 1 . These are within the range of normal adult testicular size from 13.8 mL to 21.4 mL that is proposed by Takihara et al. [5] in Japanese men.
The mean volume of right testes was significantly larger than that of left testes, with a 1.6 mL difference (Table 1) . This was similar to results obtained using a wooden orchidometer by Jorgensen et al. [15] from Finland, Estonia and Denmark. However, there are 8 men with unilateral left varicocele among the present 12 volunteers. Therefore, there is a possibility that the difference of the testis size was affected by the varicoceles in the left testes.
The variance component for the interaction of investigators and volunteers was of the same magnitude as that for investigators alone, as summarized in Table 2 . This suggests that the variance for an investigator varied as a function of one or more characteristics of a volunteer, the most obvious candidate characteristic being mean testicular volume of the volunteer. In fact, variation in an investigator's measurement of testicular volume varied with mean testicular volume of the volunteer, as displayed in Figure 3 .
Ultrasound measurement is generally believed to give a more precise estimate of testicular size than measurements using an orchidometer; also, usually smaller volumes compared to those using an orchidometer have been reported [6, 8, 14] . In agreement with those studies, we found lower estimates using ultrasound than using the orchidometer. The difference among means from ultrasonography and orchidometer in Table 1 is not statistically significant. However, the difference would become larger and statistically significant if we used the coefficients p/6 instead of 0.71 in Eqn 1 [8] .
Fuse et al. [7] concluded that ultrasonography should be the preferred method when quantitative estimates of testicular volume are required. However, the usage of an orchidometer is still clinically valuable for a rapid and rough assessment of spermatogenesis and sexual maturation.
Accuracy of measurement of testicular size using an orchidometer is dependent on experience [4, 14] . Therefore, in our study, the difference among the individual investigators might have reflected differences in past experience. Using results from ultrasound measurements, we evaluated the accuracy of the estimates by the present investigators. Ultrasound can be considered a reliable means of evaluation: Tajima [16] observed precise coincidence of testicular volume by ultrasound measurement with the volume of 34 actual testes extracted from 17 Japanese men. Values of SSQj from Eqn 2, that is, the sum of deviations of orchidometer estimations from the results of ultrasonography, showed no statistically significant dependence on clinical experience of the investigators (Figure 4) . Therefore, the present study does not show a precise association between investigator experience and the quality of measurement.
Practically, it is difficult for many investigators from various institutions to get together and diagnose an identical group of volunteers or patients at one time. Therefore, in multi-center studies, the random effect model has sometimes been used to estimate variance components from a dataset with a partial lack of measurements [14, 17, 18] . However, our data is balanced; that is, all measurement data were completely obtained for both investigators and volunteers. In this context, the significance of the results of the present measurements is notable.
In conclusion, the present study revealed statistically significant differences in the results of testicular volume estimation among ten investigators, but intra-investigator variation was not considerable. In this context, improved training and proper standardization of measurement techniques such as periodic comparison with ultrasonography will be necessary before starting a multicenter study based on andrological examinations and clinical experience at infertility clinics.
